Objective To determine changes in serum profiles and kidney tissues from patients with spinal muscular atrophy (SMA) type 1 compared with age-and sex-matched controls.
Spinal muscular atrophy (SMA), a devastating neuromuscular disease characterized by motor neuron degeneration and progressive muscle atrophy, is a leading genetic cause of infantile death worldwide. SMA is caused by mutations in the Survival Motor Neuron 1 (SMN1) gene that result in reduced functional SMN protein expression. However, a paralog gene, SMN2, undergoes alternative splicing, including the removal of exon 7, and producing only ;10% functional SMN protein. 1, 2 The severe infantile variant (SMA type 1) is the most frequent SMA subtype, accounting for more than 50% of incident cases. Patients with SMA type 1 develop early infantile-onset progressive skeletal, bulbar, and respiratory muscle weakness. By the time such patients present with symptoms, severe denervation has already occurred, and the majority of patients with SMA type 1 die in infancy or childhood. 1, 3 Recent cutting-edge molecular and gene therapies have shown striking clinical benefit when such treatments were started in the presymptomatic or early symptomatic period in infants with SMA type 1. The US Food and Drug Administration approved the use of nusinersen (Spinraza; Biogen, Cambridge, MA), a synthetic antisense oligonucleotide (ASO) that modulates premessenger RNA splicing of the SMN2 gene. 4, 5 Clinical trials with nusinersen have demonstrated improvements in morbidity and ventilator-free survival in patients with early infantile-onset SMA. 6, 7 However, increased risk of renal toxicity is listed on the FDA-approved product insert, 8 and similar therapies have been associated with acute tubular injury. 9, 10 Longitudinal studies for patients treated with nusinersen are still ongoing and will provide additional insights to confirm its long-term efficacy and safety. 4 In the meantime, other potential therapies for SMA type 1 are under clinical investigation and show promising preliminary results, including the SMN1 gene replacement AVXS-101 (Zolgensma; AveXis, Novartis, Chicago, IL) 11, 12 and the modulator of SMN2 splicing RO7034067 (Risdiplam; Roche, Basel, Switzerland; trial #NCT02913482). 13 These emerging therapies, in conjunction with standardized respiratory, orthopedic, and nutritional support, will continue to improve morbidity and survival in even the weakest patients with SMA type 1. Thus, understanding the full spectrum of the impact of SMN deficiency both within and outside of the CNS is critical to the health and well-being of patients with SMA.
Motor neurons are selectively vulnerable to SMN deficiency and subsequently account for the earliest manifestation in SMA clinical disease. However, patients with SMA have decreased levels of SMN protein throughout the whole body, and increasing evidence indicates that SMN deficiency in tissues other than motor neurons may contribute to disease pathogenesis. [14] [15] [16] [17] Systemic administration of an ASO (ASO-10-27) that restores SMN expression systemically extended the lifespan of a severe SMA mouse model by 25-fold, whereas direct intracerebroventricular administration induced a much more modest increase in survival. 17 However, the only clinically available ASO therapy for patients with SMA is delivered intrathecally and largely limited to the CNS. The drug reaches the systemic circulation via CSF flow dynamics, redistributing to the kidney and other organs to a variable degree before it is excreted in urine. 4, 5 Studies exploring the contribution of peripheral systemic pathology to SMA disease phenotype are limited, and renal studies in SMA have not been performed.
Thus, we investigated serum profiles and kidney tissues from patients with SMA type 1 who died before the availability of proven disease-altering therapies and compared them with age-and sex-matched controls. Participants with SMA type 1 showed low serum creatinine, cystatin C (CysC), and sodium concentrations, high circulating glucose and calcium levels, and granular casts and amorphous crystals in the urine, features that indicate renal tubular dysfunction before death. Participants with SMA displayed (1) medullary nephrocalcinosis and fibrosis, (2) multiple differentially expressed genes and molecular pathways associated with nephrotoxicity and polycystic kidney disease, (3) downregulated calcium-sensing receptor (CaSR) and calbindin 1 (CALB1) proteins, and (4) upregulated insulin-like growth factor-binding proteins 1 (IGFBP1) and 3 (IGFBP3) compared with age-and sexmatched controls. Therefore, we conclude that patients with SMA type 1 have an increased risk of impaired kidney function, more specifically renal tubular dysfunction. This factor needs to be considered from the initial point of diagnosis.
Methods
Standard protocol approvals, registrations, and patient consents Mouse experiments were approved by the Animal Care and Veterinary Services of the University of Ottawa, ON, Canada (protocols #OHRI-1927 and #OHRI-1948 Glossary ASO = antisense oligonucleotide; CaSR = calcium-sensing receptor; CALB1 = calbindin 1; IGF = insulin-like growth factor; IGFBP = insulin-like growth factor-binding proteins; SMA = spinal muscular atrophy; SMN = survival motor neuron.
as previously described 18 and housed at the Animal Facility of University of Ottawa in accordance with the Canadian Council on Animal Care. Samples were collected from symptomatic Smn 2B/− mice at postnatal day 19. Mouse blood was collected following decapitation using either Microvette CB300 K2 EDTA (Sarstedt, cat# 16.444.100) coated with EDTA for plasma extraction or Microvette CB300 Z (Sarstedt, cat# 16.440.100). Blood was spun for 5 minutes at 10,000g to obtain serum and 2,000g to obtain plasma at room temperature. Plasma was analyzed for creatinine, blood urea nitrogen (BUN), albumin, calcium, and phosphorus at a veterinary reference laboratory using commercially available biochemical assays (Beckman-Coulter, Inc, Brea, CA) on an automated clinical chemistry analyzer platform (Beckman-Coulter AU680; Beckman-Coulter, Inc). Sodium, chloride, and potassium were determined using ion-selective electrodes (Beckman-Coulter) on the same platform. Kidney tissues were collected for Western blot analysis.
Human experiments
This cohort study includes a total of 13 pediatric participants with SMA type 1 who died during the course of their disease and 13 age-and sex-matched pediatric controls from the NIH NeuroBioBank. Written informed parental consent was obtained for all participants with SMA under the Institutional Ethics Review Board at the University of Utah (protocol #8751) and Massachusetts General Hospital (protocol #2016P000469). No participants with SMA received either disease-modifying therapies nusinersen or AVXS-101 gene therapy. Tissues from controls were obtained from the NIH NeuroBioBank's Brain and Tissue repository at the University of Maryland, Baltimore. Comprehensive clinical data were available for all participants with SMA, and premortem clinical laboratory data from medical records were available for 12 participants with SMA. Kidney samples were obtained during a rapid autopsy protocol in 12 participants with SMA and 13 controls. Sufficient tissue was available in 4 age-and sexmatched SMA and controls for RNA (SMA #177, 272, 251, and 195; controls: #5883, 5282, 5564, and 5180) and protein (SMA #272, #251, #195, and #101, and controls: #5387, #5564, #5282, and #5883) extraction and analysis.
SMN1 and SMN2 copy numbers SMN1 and SMN2 copy numbers were determined by droplet digital PCR using the Bio-Rad QX-200 system (Bio-Rad, Hercules, CA). Each sample was amplified separately to measure SMN1 or SMN2 copies relative to the number of CFTR copies. A competitive oligo with a 39 phosphate was used to increase probe specificity.
19 SMN1 was detected with SMN-Ex7-FP 59 AATGCTTTTTAACATCCATATAAAGCT, SMN-Ex7-RP 59CCTTAATTTA AGGAATGTGAGCACC, SMN1-LNA probe FAM-A+G+GGTT+T+c+AGAC and competitive SMN1 oligo ATTTTCCTTACAGGGTTTtAGACAAAATCAAAAGA-PHO. SMN2 was detected with the same primers as SMN1 and using SMN2-LNA probe FAM-A+G+GGTT+T+T+AGAC and competitive SMN2 oligo ATTTTCCTTACAGGG TTTcAGACAAAATCAAAAGA-PHO. The SMN1 and SMN2 probes are located at the C/T base difference in SMN exon 7. Each reaction was multiplexed with a primer/probe set to detect exon 14 of CFTR as a 2-copy gene control using FP-CFTR 59 AGAGAGAAGGCTGTCCTTAGT, RP-CFTR 59 GAGTGTGTCATCAGGTTCAGG, and HEX-TTCTGAGCAGGGAGAGGCGATACT probe. Copy numbers were determined by dividing the number of SMN1 or SMN2 copies by the number of CFTR copies for each sample.
Biochemical analysis
CysC concentrations were determined using Luminex xMAP ® technology (Myriad RBM, Austin, TX) on existing frozen serum samples. Circulating creatinine, BUN, calcium, phosphorous, sodium, chloride, potassium, glucose, and C-reactive protein, granular casts and amorphous crystals in the urine, and generalized aminoaciduria analyses were available from premortem clinical laboratory data in the Project Cure SMA Longitudinal Population Data Repository (Massachusetts General Hospital IRB protocol #2016P000469).
Histology
Paraffin-embedded kidney tissues were cut at a thickness of 5-μm and stained with hematoxylin and eosin, periodic acidSchiff, Masson trichrome, Alizarin red, von Kossa, and Prussian blue according to standard histologic protocols. Sections were examined by an experienced renal pathologist (I.R.) blinded for sample IDs. For immunohistochemistry, paraffin-embedded tissues were cut at a thickness of 5 μm on glass slides and incubated at 60°C for 30 minutes, followed by deparaffinization in xylene and rehydration in graded alcohol into water. Antigen retrieval was performed by boiling the slides in 10 mM sodium citrate buffer (pH = 6.0) for 30 minutes. Endogenous peroxidase activity was quenched with Dual Endogenous Enzyme Block (DAKO, Agilent, CA) for 5 minutes. Tissue sections were incubated with 1:500 dilution of CaSR mouse monoclonal antibody (Novus 5C10, ADD) or 1:5,000 dilution of CALB1 rabbit polyclonal antibody (Sigma-Aldrich HPA023099) or 1: 100 dilution of AQP3 (Atlas Antibodies HPA014924) in 1% TBS/BSA at 4°C inside a humidified chamber overnight. After washing, slides were incubated with Envision Dual Link System Polymer HRP (DAKO) for 30 minutes at room temperature. After washing, the DAB+ reagent (DAKO) was added with monitoring for 5-10 minutes. After washing, counterstain was performed using Harris-type hematoxylin. Slides were briefly dehydrated and then mounted with Histomount solution (Life Technology, Grand Island, NY). Immunohistochemical analyses were performed according to standard protocols on 4-m sections using the Vector ABC Reagent kit and developed with DAB substrate (Vector Laboratories, Burlingame, CA). Kidney slides were also double stained for CD3 (1:400 Dako A0452)/ CD68 (1:800 Dako M0814) markers in the autostainer.
PCR array
Total RNA was extracted from frozen kidney samples using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA). All the samples had a 280/260 ratio ≥1.9. Complementary DNA was generated from 500 ng of purified RNA using the RT2 First Strand Kit (Qiagen, Venlo, the Netherlands) protocol or 300 ng for SuperScript IV VILO (11766050; ThermoFisher Scientific). The Nephrotoxicity and Polycystic Kidney Disease RT 2 Profiler PCR Arrays (PAHS-094Z and PAHS-168Z; Qiagen) were performed, and each messenger RNA (mRNA) gene expression was calculated relative to the average of 5 housekeeping genes in the arrays accordingly to the manufacture instructions. 
Western blot
Protein was extracted from frozen kidney samples using RIPA lysis buffer (Cell Signaling Technology, Danvers, MA). Samples were sonicated and centrifuged at 10,000 rpm for 10 minutes at 4°C. Protein concentrations were determined using the Bradford assay (Bio-Rad). Protein samples (30 μg) were run on a NuPAGE 12% Bis-Tris Protein Gel (NP0342Box, Invitrogen by Thermo Fisher Scientific) electrophoresis and transferred to a
Statistical analysis
Data are presented as mean ± standard error of the mean with dots as individual values. Sample size is indicated in the figure legends. Statistical analyses were performed using GraphPad Prism 7 software (GraphPad Software, Inc). Unpaired 2-tailed Student t tests were used to compare groups. Statistical significance was defined as p < 0.05.
Data availability
All data relevant to this study are contained within the article. Sections from the kidneys of SMA cases show medullary calcifications (yellow arrows, H&E and PAS) along collecting ducts. Medullary interstitial fibrosis is also present (trichrome). Representative images were taken at 100× (indicated as 10× objective) and 400× magnifications. H&E = hematoxylin and eosin; PAS = periodic acid-Schiff; SMA = spinal muscular atrophy.
Results
To determine whether renal function is affected in a model of SMA, we first evaluated serum creatinine, BUN, albumin, calcium, phosphorus, sodium, chloride, and potassium in Smn 2B/− mice. Smn 2B/− mice have reduced SMN protein content through the whole body, including in the kidney (figure S1, links.lww.com/NXG/A174), exhibiting a classic SMA phenotype and a short lifespan (<30 days). 18 figure 1B) . Overall, pathologic abnormalities in the kidney were present in two-thirds of participants with SMA type 1 in our cohort. Although findings suggesting acute tubular injury could be confounded by terminal events, the tubulointerstitial lesions, including nephrocalcinosis and interstitial fibrosis, are indicative of chronic renal dysfunction. Future studies will be important to determine whether impaired kidney function is a primary consequence of reduced SMN protein, a secondary consequence of muscle atrophy and bone disease, or more likely a combination of both.
Furthermore, we were interested in determining the molecular mechanisms associated with renal dysfunction. Nephrotoxicity and polycystic kidney disease PCR arrays revealed multiple differentially expressed genes in kidneys from participants with SMA type 1 compared with controls ( figure 2, A and B) . Each PCR array targeted 84 genes previously characterized as biomarkers associated with either kidney toxicity or cystic renal disease. We found 25 differentially expressed genes in the nephrotoxicity array (figure S4A, links.lww.com/NXG/A174, and table S6) and 8 in the polycystic kidney disease array (figure S4B and  table S7 , figures 3 and 4) . These genes are involved in calcium signaling, apoptosis, cell proliferation, metal ion binding, glucose metabolism, oxidative stress, and kidney transporters signaling. Moreover, immunohistochemistry (figure 2, C and D) and immunoblot (figure 2, E and F) analysis demonstrated that participants with SMA type 1 had decreased CaSR and CALB1 protein expression.
It has been previously demonstrated that insulin-like growth factor 1 (IGF-1) is dysregulated in severely affected SMA mice. 17 Given that IGF-1 signaling plays a role in the maintenance of normal renal function, 21 we further evaluated IGF-1 signaling in renal tissues from SMA type 1 and controls. Participants with SMA type 1 had normal IGF-1 protein content, but increased levels of IGFBP1 and IGFBP3 (figure 2, E and F).
Discussion
Most of the patients in our study consistently had values out of the expected range in several blood analytes. We believe that many of these abnormalities are an expected consequence of severe generalized muscle atrophy and bone disease. For example, low creatinine concentrations in these participants were expected because creatinine is a product of creatine metabolism, and creatine is mainly present in muscle. 22 Importantly, analysis of urine sediment revealed granular casts and/or amorphous crystals and generalized aminoaciduria in the majority of participants with SMA type 1 (table 1). These elements being found in urine are associated with acute and chronic kidney injury with potential calcium oxalate deposition within the renal tubules. This process may lead to obstruction of the urine flow in the tubules while the intratubular crystals develop an inflammatory reaction with the renal interstitium and promote acute kidney dysfunction. 23, 24 Overall, the clinical laboratory data in these participants strongly suggest that the majority had impaired kidney function before death, with features indicative of renal tubular dysfunction.
Participants with SMA type 1 had decreased CaSR and CALB1 protein expression. CaSR and CALB1 play critical anticalcification roles. CaSR acts as a sensitive detector of extracellular calcium and regulates parathyroid hormone activity, protecting against calcium phosphate precipitation. 25, 26 CALB1 regulates calcium reabsorption, and models of kidney dysfunction show downregulated CALB1. 27 Altogether, these changes in the expression of key molecules and proteins are consistent with renal function abnormalities as indicated by premortem clinical laboratory testing.
Participants with SMA type 1 had increased levels of IGFBP1 and IGFBP3. IGF signaling is complex, and IGFBPs have an important role in this signaling by enhancing or inhibiting IGF-1. IGFBP1 also affects cell growth and apoptosis. 21, 28 Transgenic mice with increased Igfbp1 expression demonstrate reduced number of nephrons and glomerulosclerosis, 29 whereas those with Igfbp3 overexpression show hypoplastic kidneys. 30 Kidneys in early-stage diabetic rats show increased IGFBP1 expression, 31 and increased IGFBP3 protease activity correlates with the degree of albuminuria in patients with diabetic nephropathy. 32 Thus, increased local expression of IGFBPs supports the concept of impaired kidney function in participants with SMA.
The precise mechanism by which kidney function is impaired in patients with SMA type I is not fully understood. We believe that changes in kidney structure, gene, and protein expression are in large part a consequence of severe generalized muscle atrophy, immobility, and dysregulation of bone metabolism resulting in secondary medullary calcification and renal tubular dysfunction. However, given the numerous functions of the SMN protein, SMN deficiency could also contribute to changes in gene expression through direct mechanisms. SMN protein plays an integral role in the spliceosomal assembly and processing of pre-mRNA species in all cells. 33 For example, SMN depletion has been demonstrated to cause intron retention, triggering a global DNA damage and stress response. 34 In future studies, additional approaches, including in vitro studies, are necessary for determining whether SMN has a primary contribution to the gene expression profile in developing nephrons.
The present study has important clinical implications. Patients with SMA type 1 are living longer due to recent advances in SMA therapeutics, and impaired kidney function is likely to be a significant comorbidity. To help improve longterm survival and well-being of patients with SMA, it is important to think ahead to provide therapeutic avenues that can positively modulate renal function.
